To study and prevent water-mud-outburst disasters of tectonic fracture zones in geotechnical engineering, we tested seepage stability of confined broken mudstones with consideration of mass loss using syringe seepage method and a self-designed seepage testing system, obtained the variation laws of seepage instable duration, total mass loss, and mass loss rate of broken mudstones under different pressure gradients and Talbol power exponents (simplified as Talbol hereafter), and explained their instable seepage behaviors. The results showed that the mass loss is the internal cause of seepage-induced instability of broken rocks and pressure gradient is the external cause, and the persistent migration and loss of particles result in progressive failure process, while the large enough pressure gradient causes sudden overall instability. The seepage instable duration shortens with pressure gradient increasing, with the longest and shortest duration at Talbol of 0.5 and 0.1, respectively. In general, mass loss increases with pressure gradient increasing and with Talbol decreasing. Mass loss rate increases with pressure gradient increasing but shows no monotonic changes with Talbol. Their expressions can be used to establish dynamic model in the further seepage stability researches.
Introduction
Geotechnical engineering projects involving tectonic fracture zones such as mining, slopping, excavating, and tunnel construction face issues of seepage from broken rocks which have high porosity and permeability, as well as complex porous and fracture structures. Their particle edges are easily broken under pressure and fine particles are prone to migrate under seepage. Under certain seepage pressure, fine particles in broken rocks will migrate and run off together with water, leading to increased rock porosity, enhanced permeability, and conversion of water flow from seepage into pipe flow, leading to seepage-induced instability. Therefore, we believe that unstable seepage behavior induced by mass loss of the broken rocks is an important reason for dynamic disasters such as water and mud outburst in the geotechnical engineering projects involving tectonic fracture zones.
The crushing of broken rocks during the loading is the primary cause for particles migration and is affected by many factors [1] [2] [3] [4] , such as particle shape, soil type, compaction effort [5] [6] [7] , applied stress, initial grading of the tested soils [8] , the artificial crushable material [9] , changes in particle mixture [10] , the complex shape in physics and geometry [11] , and the geological framework [12] . In addition, the impact of seepage on rearrangements and migration of particles in confined broken rocks cannot be ignored. Many methods have been used to monitor seepage flow in broken rocks and investigate seepage properties [13] [14] [15] [16] [17] [18] including stresscontrolling method and porosity-controlling method. Liu et al. [19] measured the permeability coefficients of sandstone, shale, and coal under three different types of axial compressions and described their confidence intervals. Ma et al. [20, 21] studied the permeability characteristics of broken shale, mudstone, and coal of four single particle sizes and analyzed the influence of seepage velocity, axial stress, and seepage pressure differences on permeability coefficient of broken rocks with different particle sizes. Furthermore, the porosity-controlling method could be used to measure the seepage velocity, permeability, and non-Darcy flow factor of broken rocks. Sun et al. [22] reported laws of permeability 2 Geofluids characteristics related to the load and particle diameter. Huang et al. [23] studied the relationships between the particle porosity and permeability parameters and found that the relationships could fit power functions and permeability parameters were related to the loading history. Miao et al. [24] discussed the deviation factor in Darcy flow and established a dimensionless dynamic model for the nonlinear seepage of broken rock mass. Wang et al. [25] studied the relationships between permeability parameters and porosity in two different loading histories and considered the influence of loading path on the permeability parameters of broken coal samples. Kong et al. [26] tested the permeability of crushed gangues with six different particle sizes during compaction using a crushed-rock compaction permeation apparatus and a self-designed seepage circuit and analyzed the relationships between seepage velocity, permeability, or non-Darcy factor and the porosity, particle size, or distribution. Ma et al. [27, 28] tested crushed mudstone, limestone, and sandstone specimens and found that the porosity, particle crushing, and seepage properties of crushed rocks were not only related to axial displacement, grain diameter size, and mixture sizes, but also related to the style of arrangement.
With the above research foundation about the crush and seepage of broken rocks, the loss of fine particles that migrate with water flow has become a hot point in academia. Kenney and Lau [29] considered that soil was comprised by soil skeleton and large number of fine loose particles movable among pores of soil skeleton in seepage process and measured the loss of movable fine particles using grading curves. Fox et al. [30] used the pans to collect sediment load and measured stream bank erosion due to ground water seepage with consideration of the bank pore water pressure and found that the quantity of mass loss was dependent on the type of seepage. Midgley et al. [31] measured soil-water pressures, seepage rate, and sediment concentration and found that seepage flow rate and corresponding erosion rate were proportional to hydraulic gradient. Sterpi [32] and Cividini and Gioda [33] considered the influence of seepage on the migration of movable fine particle and established empirical formulas between the mass loss of fine particles and pressure gradient or time. Ma et al. [28] studied the permeability of crushed mudstones and pointed out that the washed-away muds due to water seepage are the main reason for weight lost in mudstone samples. Yu et al. [34] experimentally studied the seepage characteristics of cemented broken mudstone and analyzed the influence of cementing material on the fine particles migration and mass loss.
Furthermore, scholars explored seepage-induced instability mechanism with consideration of mass loss, and they believed in the fact that the seepage-induced instability was seepage changing into pipe flow because the fine particles could be easily rushed away. Some emphasized the factor of seepage pressure in different projects, including foundation excavation [35] [36] [37] , dam extrusion fracture zones [38, 39] , tunnel construction [40] , and coal mine [41, 42] . And they also pointed out that pressure gradient had greater effect on the loss of fine particles [43] [44] [45] . Some others may pay more attention to other factors, such as fine particles' content or size distribution [34, 46] , confining pressure or triaxial pressure [46, 47] , cementing material [34] , and the emission of sand [48] . Meanwhile, they also discussed the influences of the above factors on seepage-induced instability and concluded that they were the important factors affecting seepage upheaval into pipe flow.
Our team [25, 26, 49, 50] have previously studied water outburst of collapse columns using a self-designed seepage system and tested the seepage characteristics of coal, coal gangue, sandstone, and mudstone under different pressure gradients using steady seepage test method. The experimental observations revealed a hydraulic breakdown phenomenon. In other words, turbid liquid flew out the broken rock samples at the moment when instable seepage occurred, indicating that the fine particles migration and loss occurred during the test.
The mass migration and loss is one of the major causes for seepage-induced instability of broken rocks. In addition, seepage stability of broken rocks is also affected by their diameter and packing mode as well as seepage pressure. If the gravel particles in broken rocks are properly distributed and orderly arranged and are in a tight structure form, the penetration ability of broken rocks is weak. However, when seepage pressure increases, the penetration ability of broken rocks will increase. Under the combined effects of these two factors, the particles inside broken rocks undergo an evolution process of migration and loss. Under different distribution of broken rock diameter and seepage pressure, seepage instable duration and mass loss will be significantly different.
In this paper, we analyzed the variation law of seepage instable duration and mass loss of broken rocks with consideration of particles migration and explored the instable seepage behavior of broken rocks under various seepage pressures and different diameter distribution, with the hope to provide an experimental basis for prediction and control of water and mud outburst in geotechnical engineering projects involving tectonic fracture zones. Figure 1 shows the self-designed seepage test system of broken rocks with variable mass. It is composed of five subsystems, namely, (1) the seepage pressure loading and control subsystem, (2) particle-migrationachievable seepage subsystem, (3) fine particles collection subsystem, (4) axial load loading and displacement control subsystem, and (5) data acquisition and analysis subsystem. Among them, the seepage pressure loading and control subsystem, particle-migration-achievable seepage subsystem and fine particles collection subsystem are the core components of the test system.
Experiment Principles and Methods

Experimental System.
The seepage pressure loading and control subsystem could load pressure using either syringe seepage mode or pump station mode based on users' needs. The pump station mode could directly achieve sample penetration with a metering pump. However, the method could cause pressure fluctuation and is unable to achieve long time constant pressure loading. The syringe seepage mode [51] uses oil and water as energy transfer medium in the upper and lower chambers of the double-acting hydraulic cylinder piston, respectively. Use of hydraulic oil makes it easy to control pressure while water in the lower chamber is easy to seep. In addition, throttle valve (THV), spill valve (SV1), and reversal valve (RV1) are placed in the pipelines of the variable piston pump (P1) and the upper chamber of the doubleacting hydraulic cylinder piston to achieve precise control of hydraulic oil flow and pressure.
In this study, we used the syringe seepage method to deliver adjustable, stable seepage pressure to the bottom of the rock sample. In detail, (1) open the shut-off valves S2, S3, and S5, close the shut-off valves S1 and S4, and turn on the metering pump P2 to inject water to the lower chamber of the double-acting hydraulic cylinder AC2; (2) after completion of injection, close the shut-off valve S5, open shut-off valve S4, and turn on the variable piston pump P1. The hydraulic oil pumped out by P1 flows in turn through the cooler, throttle valve THV, reversing valve RV1, and shut-off valve S2 into the upper chamber of the double-acting hydraulic cylinder AC2, pushing the piston rod moving downward. The piston rod then further drives water in the lower chamber of the double-acting hydraulic cylinder AC2 passing in turn through the shut-off valves S3 and S4, flow transducer FT, and permeameter; (3) once the water in the lower chamber of the double-acting hydraulic cylinder AC2 is exhausted, the experiment is temporarily stopped; (4) turn on the metering pump P2 to inject water into the lower chamber and repeat (2) and (3) till finishing the experiment.
The particle-migration-achievable seepage subsystem is a permeameter shown in Figure 2 . The permeameter consists of baseboard, cylinder, piston, overflow tank and trays, and the like. The unique design of the piston and overflow tank allows particles to move freely.
Fine particles collection subsystem adopts filtration method to conduct the mixture of water and fine particles from the tray to vibrosieve through the hose. The filtrated fine particles are manually collected, dried, and weighted.
The axial load loading and displacement control subsystem uses variable piston pump P1 to provide pressure to the single-acting hydraulic cylinders AC1, push the piston rod move upward, and load pressure to broken rock samples under the displacement control mode, making them be compressed and deformed.
The data acquisition and analysis subsystem consists of the pressure transducer PT, flow transducer FT, data acquisition instrument, PC, and so on and is used for realtime acquisition of seepage pressure and flow during the test. 
Experimental Design and Methods.
Tectonic fracture zones of the geotechnical engineering after long-term weathering contain very high clay content. Thus, we used mudstones as the experimental material. These mudstones were fractionated prior to experiment by sieving as particles with size of 0∼2.5 mm, 2.5∼5 mm, 5∼8 mm, 8∼10 mm, 10∼12 mm, 12∼15 mm, 15∼20 mm, and 20∼25 mm, respectively. A total of 2000 g of mudstones were packed into the barrel cylinder of the permeameter at the ratio defined using Talbol continuous gradation formula
where is the mass of broken stone when diameter is less than or equal to d, g; is the total mass of broken stones, g; d is the diameter of the broken stones, mm; D is the maximum diameter of the broken stones, mm; is the Talbol power exponent (simplified as Talbol hereafter) and taken as 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0, respectively. The mass partition corresponding to the particles with various diameters is shown in Table 1 , and the natural packing height of testing samples with different Talbols is listed in Table 2 .
From Tables 1 and 2 it is clear that the greater the Talbol, n, the higher the content of mudstones with greater diameter and the higher the natural packing height of the sample. On the contrary, the smaller the Talbol, n, the higher the content of mudstones with smaller size and the lower the natural packing height of the sample.
Before seepage, all samples are compressed to the same height of 120 mm. During the test, seepage water pressure at the bottom of the broken rock samples, p, could be obtained by the opening pressure, P (shown on pressure gage PG1), of the spill valve SV1, inner diameter of the double-acting hydraulic cylinder, 1 , and the diameter of piston rod, 2 , During the experiment, p was taken as 3, 4, 5, 6, and 7 MPa, respectively. Because the top of the broken rock samples is connected to the atmosphere, if ignoring pipeline losses, p is the difference in the seepage pressure at top and bottom of the broken sample and used to calculate the corresponding pressure gradient , which was 25, 33, 42, 50, and 58 MPa/m.
A steady state seepage method was used in the experiment. During the seepage process, the pressure gradient is constant. When dynamic phenomena such as slurry discharge from the permeameter occurred, sample was considered to undergo seepage upheaval. In other words, seepage was transformed into pipe flow, inducing instability. Thus, the test was ended. Seepage instable duration, T, was recorded and the total mass loss, , during the seepage instable process was collected to calculate the mass loss rate, ,
In this study, a total of 50 groups of tests in combination of 10 different Talbols and 5 different pressure gradients were conducted with 3 repeats for each combination. The results were expressed as the average of three repeats and further analyzed. Figure 3 illustrates seepageinduced instability experimental process of the confined broken mudstones with the consideration of mass loss.
Experimental Process.
The experimental process included the following steps: (1) debug the test system and put the mixed broken rock samples into the open permeameter; (2) compress the broken rock samples using variable piston pump to the initial height; (3) inject water into the samples for 30 minutes to ensure that samples were water-saturated; (4) load seepage pressure on the bottom of the rock sample using the syringe seepage method and collect the flow-out particles at a certain interval; (5) conduct the test until the seepage-induced instability occurs and record the seepage instable duration; and (6) finish the test and unload the samples in time.
Results and Analysis
Seepage instable duration, T, total mass loss, , as well as mass loss rate, , of the 150 tested samples under different Talbols, n, and pressure gradients, , were obtained and analyzed below. Figure 4(a) shows the variation law of seepage instable duration, As shown from Figure 4 , under the same pressure gradient, seepage instable duration is the longest at Talbol of 0.5. After sample compaction, the internal porous structure of the sample is arranged properly, particles of different sizes extrude toward each other and close up, showing no apparent seepage channels, which enable the sample with strong water blocking ability. By contrast, the duration is the shortest at Talbol of 0.1. The sample contains as high as 85% easy-to-migrate fine particles and is less stable. At the instable seepage stage, the sample shows a "mesh-like" destruction. The seepage instable duration of samples with Talbols of 0.9 and 1.0 is relatively short, about 2-fold of the shortest duration. In samples with Talbols of 0.9 and 1.0, large particles are significantly more than fine particles. But after compaction, fine particles cannot effectively fill the gaps. Thus, the samples have loose internal structure and large porous space. Under seepage pressure, they are prone to subject to instable seepage. Figure 4 also shows that at each Talbol, the seepage instable duration shortens with pressure gradient increasing. When pressure gradient increases from 25 MPa/m to 58 MPa/m, the seepage instable duration of samples with Talbol of 0.3 drops the most, by 99.5%, while that of samples with Talbol of 0.8 drops the least, by about 80%. The relationship of seepage instable duration to pressure gradient is expressed as logarithmic fitting functions, as shown in Table 3 and could be uniformly expressed as
Variation Law of the Seepage Instable Duration.
where coefficients and are the function of Talbol, n, and could be expressed as Figure 5(a) shows the variation laws of mass loss, , with pressure gradient, , of samples with 10 kinds of Talbols during seepage instable process and Figure 5(b) is the enlarged view of samples with mass loss < 140 g in Figure 5 (a). Figure 5 shows that, under same pressure gradient, such as = 25 MPa/m, mass loss of samples with Talbol of 0.4 is the highest, 544.8 g, while that of samples with Talbols of 0.9 and 1.0 is the least, 39 g and 45.2 g, respectively. When = 58 MPa/m, the mass loss of samples with Talbol of 0.1 is the most, 919 g, while that of samples with Talbols of 0.9 and 1.0 is least, 123.6 g and 133.2 g, respectively. The figure also shows that the greater the Talbol, the less the amount of the easily migrated particles with diameter < 5 mm and the less the mass loss.
Variation Law of the Mass Loss.
The content of easily migrated particles accounts for up to 85% of total particles in samples with Talbol of 0.1. These fine particles are densely compacted and present in consolidation.
When the pressure gradient is small, the seepage pressure is small and the migration of particles in the seepage channel is blocked. Thus, mass loss is significantly less. Therefore, when = 25 MPa/m, the mass loss of samples with Talbol of 0.1 is less than that of samples with Talbols of 0.2, 0.3, and 0.4. When the pressure gradient is large, seepage pressure is high, the water carrying capacity increases. With more fine particles migrating and flowing away, the flow rate of the seepage channel under high seepage pressure increases, leading to significant mass loss. Therefore, at relatively high pressure gradient, mass loss of samples with Talbol of 0.1 is significantly higher than that of other samples.
With pressure gradient increasing, particles are subjected to higher seepage pressure and have increased migration ability under the action of water erosion, thus mass loss is more evident. The reasons for the decreased mass loss of samples with Talbols of 0.3 and 0.4 may be related to the distribution of inner porous structure and the spatial distribution of seepage channels. The migration of migratable particles is blocked in the seepage channels, leading to reduced mass loss.
Under the same Talbol, the relation of mass loss to pressure gradient is fitted with a logarithmic function, as shown in Table 4 and could be uniformly expressed as
where coefficients and are the functions of Talbol, n, and could be expressed as the fourth-order polynomial fitting formulas: Table 5 shows the mass loss rate of samples with 10 different Talbols under 5 pressure gradients at instable seepage. Figure 6 (a) shows the variation laws in mass loss rates, , of samples with 10 different Talbols with pressure gradient, , and Figure 6(b) is the enlarged view of samples with mass loss rate < 7 g s −1 in Figure 6 (a).
Variation Law of the Mass Loss Rate.
From Table 5 it is clear that when = 25 MPa/m, the mass loss rate is the lowest for samples with Talbol of 0.5 and the highest for samples with Talbol of 0.2; the latter is 51-fold of the former. When = 58 MPa/m, the mass loss rate is the lowest for samples with Talbol of 0.8 and the highest for samples with Talbol of 0.2; the latter is 75-fold of the former. Because the sample mass loss rate is closely related to the mass loss and seepage instable duration, with Talbol increasing, the variation law of mass loss is not always consistent with that of seepage instable duration.
As can be seen from Table 5 and Figure 6 , at the same Talbol, the mass loss rate increases with the pressure gradient increasing, showing the greatest increase in samples with 8 Geofluids The relationship of mass loss rate to pressure gradient is expressed as exponential functions, as shown in Table 6 , and could be uniformly expressed as
where coefficients and are the functions of Talbol, n, and can be expressed as 
From the above research, the Talbol power exponent and the pressure gradient both impact on the seepage instable duration, total mass loss, and mass loss rate and interact with each other. The relationships of all these parameters as described in formulas (4) to (9) are the most important components to establish dynamic model in the further researches on seepage stability. Therefore, we analyzed the relative errors between experimental data and the theoretical values calculated using the fitting functions. The average relative error of total mass loss is about 20.9%, and the minimum one is only 0.045%. The relative errors of seepage instable duration and mass loss rate are higher. Considering the granular characteristics and complex pore structures in the broken rocks, discreteness is inevitable in laboratory tests. Therefore, the fitting functions are viable to establish a dynamic model with consideration of the mass conservation equation, pore compression equation, and so on.
Analysis of Instable Seepage Behavior
The study showed that mass loss is the internal cause for seepage-induced instability of broken rocks and the pressure gradient is the external cause. Due to action of pressure gradient, water seeps into the pores of the broken rocks. Its corrosion and erosion actions along with the abrasive action of the original fine particles lead to the materials near the pore walls of the broken rocks free from the rocks, forming the secondary fine particles. Small portion of the fine particles are dissolved in water, forming a slurry, some portion of the fine particles are suspended in the slurry, forming a suspension, and other parts of the fine particles are deposited on the pore wall. Under action of pressure gradient, the suspension migrates in broken rock pores and continues to corrode and erode the pore wall, while the precipitate is mixed with the abrasive materials and continues to erode the pore wall. Under the joint and circulatory actions of corrosion, erosion, and abrasion, fine particles are continuously carried out from the broken rocks, resulting in continuous mass loss and porosity increase. When the mass loss reaches certain stage, water outburst channels are formed in the porous structure, the pattern of liquid flow changes from seepage into pipe flow, leading to instable seepage, or water and mud dynamic disasters. During the experiment, it was found that there are three types of water outburst channels at instable seepage stage, as shown in Figure 7 . In the first case, water outburst channel is located in the irregular cavity in the outer cylindrical surface of the rock sample. In the second case, water outburst channel is located in the irregular cavity inside the rock sample. In the third case, the water outburst panel is composed of several fine cavities inside the rock sample.
The first type of water outburst channel is more common, in which the solid body formed by the broken mudstone is at glue-like state and has good water control ability. In addition, the resistance is the least at the contact area of the outer cylindrical surface of the testing sample with the cavity wall of permeameter, easily forming water outburst channels. Once the dynamic water rushes into the channel, fine particles will be flashed out, carried away, and lost under the action of cuneiform splitting and expanding of water flow. With further expansion of the channel and particles migration and loss, instable seepage occurs along the channel.
The second type of water outburst channel is commonly seen at high seepage pressure. Inside the column, there are weakened areas not tightly filled with small particles. When high pressure water acts on the cylindrical pore gaps in the form of dynamic load, the water permeable pore gaps in these weakened areas are gradually opened up under the wedge effect of high pressure water, leading to muddy mass loss and increased porous permeability. Once forming water outburst channel in the column, dynamic water will rush into the cylinder, flashing out large number of particles and leading to mass migration and loss. Subsequently, water will rush upward along the pipe flow formed due to the extension of the weak area.
In the formation process of the first and second types of water outburst channels, samples undergo drastic seepage changes, showing an obvious dynamic pressure effect. At this period, inside cavity of the permeameter will sound, along with cylinder vibration, splashing out partial particles with diameter of 0∼8 mm from the overflow tank, which is the hydraulic breakdown phenomenon mentioned in the literature [49] .
The third outburst channel is commonly seen in samples with very high content of particles with low diameter (0∼ 8 mm). Such samples have loose internal structure. Under the action of seepage pressure, the "mesh-like" water outburst channels are rapidly formed. At this moment, seepage form of the sample is closer to Darcy flow. The seepage instable duration due to this type of water outburst channel is generally shorter. After the migration and loss of a large number of particles with water flow, the sink of whole column body is observed within a short period of time, which happens to have the same view with the literature [44] .
Above all, the seepage-induced instability shows two possibilities. One is a progressive failure process because of the persistent migration and loss of particles. The other one is a sudden overall instability because of the large enough pressure gradient and existing migration channels.
Conclusions
In order to investigate and prevent water and mudstone outburst disasters in geotechnical engineering tectonic fracture zones, a self-designed seepage test system of broken rocks with variable mass was used to test seepage instability of mudstones and explore the effects of pressure gradient and Talbol on seepage instable duration, total mass loss, and mass loss rate during the whole seepage instable process. In addition, the seepage-induced instability behavior of broken mudstones was investigated with consideration of mass loss. The following conclusions are reached:
(1) The seepage instable duration becomes shorter with pressure gradient increasing, showing the greatest drop at Talbol of 0.3 and smallest decline at Talbol of 0.8. At the same pressure gradient, seepage instable duration is the longest at Talbol of 0.5 and shortest at Talbol of 0.1; the former is 197% of the latter.
(2) Total mass loss increases with the pressure gradient increasing except at Talbols of 0.3 and 0.4, which slightly decreases. Under the same pressure gradient, the overall mass loss increases as Talbol reducing. Mass loss is significantly higher when Talbol is 0.1 than others at a relatively high pressure gradient but appears to be significantly less than others at low pressure gradient. (4) Mass loss is the internal cause of seepage-induced instability in broken rocks and the pressure gradient is the external cause. When mass loss reaches a certain degree, water outburst channel in the porous structure is formed, and the pattern of liquid flow changes from seepage to pipe flow, leading to instable seepage and inducing water and mud outburst dynamic disasters.
(5) The water outburst channel at instable seepage stage is divided into three kinds, located in irregular tube caves of the outer cylindrical surface of the rock sample, irregular tube caves inside the rock sample, and several small, fine tube caves inside the rock samples, respectively. Different types of water outburst channels lead to different seepage instable duration and different total mass loss and demonstrate different dynamic pressure effects. The reason of the seepageinduced instability is also different.
(6) The seepage instable duration and total mass loss both can be expressed as a logarithmic function of pressure gradient, while the mass loss rate can be expressed as exponential function of pressure gradient. The coefficients of these functions are affected by Talbol. The fitting functions are viable to establish a dynamic model.
The expressions of seepage instable duration, total mass loss, and mass loss rate become an important part of establishing dynamic model in the further seepage stability researches. Maybe the microscopic mechanism of particle migration can be further studied by introducing the microscopic method, but not only the observation of experimental phenomena. 
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